In the current study, an Au/BN/C microwave back-to-back Schottky device is designed and characterized. The device morphology and roughness were evaluated by means of scanning electron and atomic force microscopy. As verified by the Richardson-Schottky current conduction transport mechanism which is well fitted to the experimental data, the temperature dependence of the currentvoltage characteristics of the devices is dominated by the electric field assisted thermionic emission of charge carriers over a barrier height of ∼0.87 eV and depletion region width of ∼1.1 m. Both the depletion width and barrier height followed an increasing trend with increasing temperature. On the other hand, the alternating current conductivity analysis which was carried out in the frequency range of 100-1400 MHz revealed the domination of the phonon assisted quantum mechanical tunneling (hopping) of charge carriers through correlated barriers (CBH). In addition, the impedance and power spectral studies carried out in the gigahertz-frequency domain revealed a resonance-antiresonance feature at frequency of ∼1.6 GHz. The microwave power spectra of this device revealed an ideal band stop filter of notch frequency of ∼1.6 GHz. The ac signal analysis of this device displays promising characteristics for using this device as wave traps.
Introduction
Metal-semiconductor-metal (MSM) devices have been in the focus of scientists for decades due to their wide range of applications. They have been used for plasmonic hot-electron photodetection applications [1] like solar blind ultraviolet photodetectors [2] . They are also used as a bistable resistor for digital imaging applications [3] . In addition, the MSM devices are employed as varactors, which can reach cutoff frequency up to 308 GHz [4] . One more accountable add for the applications of these devices is the use as nanoplasmonic waveguides which can find applications in integrated nanophotonic circuits [5] .
For ultraviolet applications, wide band gap materials are preferably used to form MSM devices. As a fastresponse flexible ultraviolet photodetector employing a metal-semiconductor-metal structure InGaZnO photodiode is fabricated [6] . The flexible photodetector shows relatively good photoresponse characteristics before and after bending and retains good folding reproducibility after repeated bending up to 500 cycles. More importantly, it shows a fast speed with response and recovery times of 0.8 ms and 2.0 ms, 33.8 ms, being much faster than that of the reported flexible ultraviolet detectors [6] . Boron nitride is also used in the fabrication of MSM devices. Gold-hexagonal boron nitride-gold tunnel junctions are used for conversion of electrons to free-space photons, mediated by resonant slot antennas [7] . They achieved polarized, directional, and resonantly enhanced light emission from inelastic electron tunneling [7] . Also, boron nitride based MSM are highly promising for realizing highly sensitive solid-state thermal neutron detectors with expected advantages resulting from semiconductor technologies, including compact size, light weight, ability to integrate with other functional devices, and low cost [4] . On the other hand, in our previous work [8] , an Ag/BN/Ni microwave rejection-band filter was designed and characterized. The device was characterized by current-voltage ( -) characteristics, differential resistance, frequency, and power dependence in the frequency range 1.0-3.0 GHz [8] . The above-mentioned technological applications of boron nitride indicate its novelty for microwave sensing.
Because the BN exhibits a very high work function of 9.64 eV owing to its wide band gap it easily establishes Schottky barrier with most metals. In addition, recalling that the Ag/BN/Ni device is novel as it was able to screen very weak microwave signals which suits mobile amplifiers at 2.9 GHz [8] , here in this work we aim to fabricate new class of these MSM devices for the purpose of optimizing wide range of microwave signals sensing. Particularly, an Au/BN/C MSM band stop filter that works at high temperatures up to 100 ∘ C is fabricated and characterized. The band stop filter is designed so that it can stop signals at gigahertz frequencies even in high temperature media. The device is characterized by ( -) characteristics with different temperature in the range of 306-373 K. On the other hand, the device is characterized using an impedance material analyzer and using a 3.0 GHz signal generator and 3.0 GHz spectrum analyzer. The AC current conduction properties of the Au/BN/C device are also explored through the analysis of the frequency dependent electrical conductivity in the frequency range of 100-1800 MHz.
Experimental Details
The 1.0 m gold substrate was thermally evaporated under a vacuum pressure of 5 × 10 −5 mbar onto glass slides. The Alfa Aesar 43773-BN paste is used as a wide band gap semiconductor in the design of Au/BN/C MSM device. The paste, which was prepared at the Alfa Aesar chemical firm (product number 043773) included a typical solution of BN nanopowders (50%) solved in 40% water and 10% aluminum phosphate (AlPO4). Further details about the properties of this material were previously given [9] . The BN liquid was poured over the gold substrate, shacked gently, and left to dry for 24 hours. As determined by a digital micrometer, the thickness of the BN layer was ∼400 m. The scanning electron microscopy images which were recorded with the help of Jeol JSM 7600F microscope and represented in Figure 1 (a) display well-shaped hexagonal structured grains of size in the range of 0.60-0.36 m. On the other hand, the atomic force microscopy (AFM) images for the same samples which are displayed in Figure 1 (b) and evaluated for a surface area of 9.0 m 2 have shown an average surface roughness ( ) of 145 nm and root mean square average of height deviation ( MS ) of ∼183 nm. The deviation in the surface height is small as compared to the sample thickness and represents only about 0.046% of the total thickness. This result indicates that the metallic layer (carbon) which is located on the top surface of the BN will represent homogenous and stable electrode area. The Au/BN layer was heat treated at 530 K for 15 minutes to guarantee the absence of the moisture between the grains or through the BN flakes. The contact area of conducting carbon was ≈3.14 × 10 room atmosphere to allow observation of device natural operational conditions. For this reason, the temperature stability with atmosphere was controlled by the most accurate temperatures for at least 10-minute period of time. After each heating cycle within the mentioned range, the current-voltage characteristic curve was compared to the previous cycle to guarantee operation stability. On the other hand, a 4291B RF Impedance/Material Analyzer was used to register the dielectric data. Also, an N9310A RF Signal Generator (9 kHz-3 GHz) with Instek GSP 830 3 GHz Spectrum Analyzer is used to collect the power spectrum data.
Results and Discussion
As the metal work functions of the gold and carbon are 5.34 eV and 5.1 eV, respectively, and the BN is of p-type (as determined by the hot probe technique) with barrier height of 9.64 eV [9] , the Au/BN represent a Schottky diode and the C/BN represent another Schottky diode. The presentation of both Schottky-type metals on the front and rare part of the BN makes the Au/BN/C device structure represent a metalsemiconductor-metal (MSM) back-to-back Schottky device. Figure 2 shows the -characteristics of the Au/BN/C MSM device being registered in the temperature range of 300-375 K. As the curves, which are plotted on a logarithmic scale reads ( ∝ / ), increasing the temperature decreases the current values. As, for example, at a forward biasing voltage of 2.0 V and temperature of 306 K, the current value is 0.99 nA, when the temperature is increased to 339 K, the current becomes 0.17 nA and it reaches a value of 0.12 nA at T = 373 K. In addition, the forward biasing of device exhibits a temperature dependent switching property. The switching voltage (V ) from low injected current to high injected current increases with increasing temperature. Namely, increase from 1.0 V, 1.8 V, 3.4 V, to 3.5 V as the temperature increases from 306, 316, 328, to 339 K, respectively. At higher temperatures above 339 K, the switching feature was not detectable due to measuring range limitations. In the reverse bias direction V exhibited negative values of 0.38, 0.68, 0.94, 1.08, 1.18, 1.42, and 1.22 V as the temperature is raised from 306, 316, 328, 339, 350, 361, to 373 K, respectively. Following the previous investigation [8, 10] , the -characteristics of the forward bias current were analyzed in accordance with the Richardson-Schottky model that assumes direct current electrical conduction through electric field assisted thermionic emission. The current depends on the square root of the voltage and can be presented by the following equation [10] :
The analysis of the -with the help of this equation reveals the depletion width ( ) from the slope and the value of the field independent barrier height ( ) to the electron motion from the intercept of the ln( )− √ variation through the respective relations:
In (2) and (3), is the device area, * * = 90 [11] is
is Richardson-Schottky coefficient, and = 7.5 [11] is the optical dielectric constant of the material. + 0.68 (eV). The increase in the barrier height and in the depletion width of the Au/BN/C devices with increasing temperature could be ascribed to many physical reasons like the increase in the electron-hole recombination rate, the thermal expansion, and the lattice constants variations with temperature. The hexagonal BN is reported [12] to exhibit a temperature dependent lattice constants of = 6.6516Å + 2.74 × 10 −4 (Å ∘ C −1 ) and = 2.50424Å − 7.42 × 10
. The lattice parameters along the c-axis and along the a-axis of the BN polycrystals increased from 6.7338 to 6.7505Å and from 2.5024 to 2.5384Å as the temperature increases from 300 to 360 K for each unit cell. On the other hand, the excitonic energy band gap of the hexagonal BN is reported eV/ ∘ K [13] . The latter value indicates an expected effect on the device parameters ( , ) associated with the narrowing of the energy band gap of BN. Although the shrinkage in the energy band gap may be of less effect, it indicates an increase in the number of charge carriers that are transported from the valence to the conduction band which means more electron-hole recombination ratios and wider depletion region. Similar characteristics which involve increasing the barrier height with increasing temperature were observed for Au/n-GaAs/n-Ge diodes [14] . The increase in the barrier height with increasing temperature was ascribed to the electron-hole recombination dynamics and to the electric field dependence of the barrier height (similar to our case). In another study, the increase in the barrier height with increasing temperature was also assigned to the existence of double Gaussian distribution of energy barriers represented by the screened mean barrier height in the sample. The double Gaussian distribution of energy barriers results from the barrier height inhomogeneity at the metal/semiconductor (MS) interface.
The energy band diagram of the device is shown in Figure 3 (c). The working principle of the Au/BN/C device which represents two Schottky barriers connected back to back is that the biasing of any polarity will put one Schottky barrier in the reverse direction (Au side as a cathode) and the other in the forward direction (C-side as an anode) [10] . While the depletion width of the forward biased diode narrows, the depletion width of the reverse biased diode widens. Thus, the measured width which is presented in Figure 3 (a) indicated the effective depletion region width of the device [10] . At particular temperature, 306 K, for example, the appearance of the large reverse current which lowers the rectification ratio and makes the -characteristic appear as if it was ohmic is explained by means of the current transport mechanism through the two diodes which have depletion widths 1 and 2 . When one of the diodes is forward biased, its depletion width ( 1 ) narrows, causing large forward and low reverse current for low applied voltages. The narrow barrier makes the charge transport via tunneling process preferable [10] . In this case the current conduction mechanism is governed by electric field assisted tunneling of charged particles through the narrow barrier consistent with (1). On the other side of the device, the second diode is reverse biased and its depletion width ( 2 ) widens with increasing voltage. This behavior also lowers the values of the reverse current compared to the forward one. However, as the voltage is further increased, the depletion region of second diode reaches the first region leading to the flat band condition, in which the ohmic nature of contact dominates [10] . Another point that is worth of consideration is that when the reach-through voltage is reached, the exponentially increasing current with increasing applied voltage is also affected by electron-hole generation-recombination, avalanche breakdowns, and image force lowering potentials processes [10] leading to the observed high reverse current.
It is also worth noting that the current-voltage characteristics of the device exhibit low rectification ratio associated with high resistance values ( > 10 MΩ). The rectification ratio varies in the range of 5-11. This behavior which was also observed for some organic/inorganic heterojunctions was assigned to the recombination losses caused by surface trap states [15] . The leakage current is observed to be affected by the distribution of defects and the quality of the interfaces. In addition, the lattice mismatch between the hexagonal and the face centered cubic gold film and diamond structured carbon film could be a main reason as the force confinement of electrons and holes in different spaces. Figure 4 shows the ac signal analysis of Au/BN/C MSM device being recorded with the help of a 1.8 GHz impedance/material analyzer under no biasing conditions. The parallel capacitance spectra of the device which are illustrated in Figure 4 (a) slightly decreased with increasing frequency up to 1594 MHz. For larger frequencies there appear resonance (series) antiresonance (parallel) oscillatory modes at two different frequency regions. The series resonance (f ) appears at 1620 and 1647 MHz, while the parallel resonance (f ) is apparent at 1611 and at 1629 MHz. The resonanceantiresonance modes of oscillation in the Au/BN/C device are of importance as they can be used as wave traps, which are sometimes inserted in series with antennas of radio receivers to block the flow of alternating current at the frequency of an interfering station, while allowing other frequencies to pass [16] .
The resonance-antiresonance modes of oscillation in the Au/BN/C device can be modeled as two parallel arms: the motional arm and the static arm. The motional arm is represented by a series RLC circuit while the static arm is represented by a shunt capacitor. The reactive impedance ( ) of the motional arm can be either positive or negative depending on the frequency; also at specific frequency series resonance ( ) the reactive impedance is minimum ( ≈ 0). The antiresonance (resonance of high impedance) occurs at a particular frequency when the impedance of the motional arm is very high compared to the impedance of the static arm and the device can be modeled as shunt capacitor. At this frequency ( ) the total admittance (Y) of the device is minimum ( = motional + static ≈ 0) which indicates that the reactive impedance of the static arm and the reactive impedance of the motional arm are equivalent in magnitude and opposite in signs. On the other hand, Figure 4(b) shows the parallel resistance of the device versus the frequency. The resistance decreases from 6365.42 Ω at 100 MHz to 448.14 at 1800 MHz. The trend of the impedance looks like the capacitive part of the device and can be ascribed to the same dynamics. The total effect which is known as the impedance (-Z-) spectra of the resistive and reactive parts (inductive and capacitive) is plotted in Figure 4 (c). It is noticed that as the frequency increases, | | decreases. Namely, | | decreases from 548.59 Ω at 100 MHz to 33.94 Ω at 1800 MHz. This indicates that the capacitive part is more dominating than the inductive part of the impedance load.
To give more deep significance to the impedance spectral data, the alternating current conductivity ( ac ) is calculated from the conductance spectra (1/ ). The conductivity spectrum which is displayed in Figure 4 (d) exhibits an increasing trend of variation with increasing frequency. In the frequency range of 100-1400 MHz, the ac − variation could be represented by the relation ac ∝ . The angular frequency ( ) exponent ( ) for the Au/BN/C device is 0.79. The increase of ac with frequency in the frequency range of 100-1400 MHz is an indication of the domination of the correlated barrier hopping mechanism (CBH) in the samples [17, 18] . In accordance with this model the value takes the form = 1 − 6 /( + ln( )) with and being the maximum barrier height at infinite intersite separation (binding energy of carrier in its localized site) and the relaxation time, respectively. The CBH model assumes that the electrons hop between pairs of localized states at the Fermi level and relates the conductivity to the density of states ( ( )) at the Fermi level through the relation [17, 18] 
In this relation, is the electronic charge, = 10Å is the typical localization length, and V ph = 10
12 Hz is the phonon frequency. The fitting of the experimental data of conductivity in accordance with (1) that reveals the exact frequency exponent parameter ( = 0.79) which is shown in Figure 4 (d) as brown colored allowed determining the value of ( ) as 5.40 × 10 18 eV −1 cm −3 in the frequency range of 100-850 MHz. The corresponding maximum barrier heights at infinite intersite separation and are found to be 0.97 eV and 50 ps, respectively. The values of and are in good consistency with the literature data [17, 18] .
Recalling that the AC conductivity increases with increasing frequency as long as the frequency of the field is lower than the charge carrier jump frequency in solids, one may reproduce the experimental data in a wider range of frequency (100-1400 MHz) assuming the existence of the high ac ( ) and low ac ( ) limits to the CBH conductivity in accordance with the relation
The fitting curve which is shown as red colored in Figure 4 It is worth notifying that the impedance spectra which were discussed in this work related to no electric field biasing. The correlated barrier hopping conduction mechanism is a phonon assisted quantum mechanical tunneling process that takes place between defect states and/or in the depletion regions of the device at the Au/BN and C/BN interfaces. The electric field assisted tunneling conduction mechanism which was determined from the direct current analysis revealed a room temperature barrier height of 0.87 eV. This value is less than the maximum barrier height at infinite intersite separation which is determined as 0.97 eV indicating the correctness of the evaluation procedure of the conduction mechanism. It is also important to notice that, for applied frequencies larger than 1400 MHz, the dynamics of the conductance changes abnormally as a result of the resonance-antiresonance phenomenon which is observed near 1600 MHz. This series-parallel resonance case at this frequency is also observed in many wide gap glassy materials including the glass itself (measured in our laboratory). However, because the glass is coated with metal and metal is directly connected to the fixture of the impedance analyzer, the resonance case is mostly due to the BN itself. Considering the peak which appears at 1600 MHz in the negative parallel resistance mode to be due to the BN, the negative resistance property and the peak itself could have originated from the gate and applied biases as was also observed for the boron nitride-graphene heterostructure [19] . The gate behaves like Fabry-Perot interference which is suppressed by the electronphonon scattering and the applied biases that represent an in-plane wave vector matching when the Dirac points of electrodes align. It is reported that the hexagonal BN layers can induce an asymmetry in the -characteristics which can be modulated by the applied bias [19] . In another work which concerns the negative resistance and negative capacitance in Au/ZnO/n-GaAs Schottky barrier diodes, the increment of negative capacitance (values by high frequency at forward biases) was assigned to the series resistance, interface states, and interfacial layer. The appearance of the biasing voltage dependent resonance peak in the dielectric spectra which was also observed in the frequency range of 1 K-1 MHz for the graphene oxidedoped praseodymium barium cobalt oxide nanoceramics was attributed to the particular distribution of interface states located between Au and interfacial layer and to the interfacial polarization [20] .
As a complementary work, Figure 5 shows the output gain versus input frequency being recorded with the help of a 3.0 GHz power spectrum and 3.0 GHz signal generator; the output gain demonstrates the band reject filter with central frequency of 1595 MHz. The value of the critical frequency (known as notch frequency) is consistent with that detected from the capacitance spectra at the resonanceantiresonance frequency range. This consistency between the two measuring techniques indicates that the Au/BN/C device is ideal for use as wave traps in the microwave frequency range. The two terminal simple devices which exhibit the behavior of a band reject filter can be modeled using RLC circuit as shown in the inset of Figure 5 . The transfer function of the modeled RLC filter circuit is given by [21] 
where * = 2 * is the angular frequency,
is the center frequency, = 2 , and = ( /2)√ / is the damping factor. The modeling of the device which was carried out using the MATLAB program is presented by the dashed line in Figure 5 . The line represents the output of the RLC circuit for fitting parameters of R = 20.0 Ω, C = 1.0 pF, and L = 9.96 nH. The center frequency ( * ) of this circuit is 1595 MHz with a damping factor of 100.22 × 10 −3 . The fitting parameters values of this device appear to be ideal for use in microwave technology. Such types of filters find applications in telecommunication networks.
It is important to mention that in all parametric calculations the fitting procedures were carried out by a special high-convergence minimization program that makes use of regression and residual sums of squares (
2 ), coefficient of determination, and residual mean squares statistical analysis. The errors in the data were evaluated to be 4-12%. Typical best fits for the experimental data and its related modeling are illustrated in Figure 5 . All the other calculated slopes (shown in Figures 3(a) and 3(b) ) were restricted to give a residual sum of squares 2 = 0.97.
Conclusions
In this work a new class of BN based devices is produced and characterized. The device was found to be properly operated at temperatures up to 100 ∘ C. The temperature effect of this device is explored by means of the currentvoltage characteristics which revealed an increasing barrier height and depletion width with increasing temperature. The impedance spectroscopy which was analyzed in the frequency range of 100-1800 MHz allowed determining the current conduction mechanism by correlated barrier hopping. The AC signal analysis of the Au/BN/C device displayed resonance-antiresonance physical phenomena at frequency of ∼1.6 GHz. The device wave trapping property was verified by the input of an ac signal in the suitable frequency domain and found to behave as an ideal narrow band stop filter with promising features for use in microwave communication technology.
